enzyme was detected in the pure cultures but not in the vesicle clusters. In contrast, however, the vesicle clusters had activity of an NAD-linked malic enzyme. The possibility that this enzyme resulted from contamination from plant mitochondria trapped in the vesicle clusters could not be discounted. None of the extracts showed activities of the Entner-Doudoroff enzymes or the gluconate metabolism enzymes gluconate dehydrogenase or gluconokinase. Propionate-versus trehalose-grown cultures of strain HFPArI3 showed similar activities of most enzymes except malic enzyme, which was higher in the cultures grown on the organic acid. Nitrogen-fixing cultures of strain HFPArI3 showed higher specific activities of glucose 6-phosphate and 6-phosphogluconate dehydrogenases and phosphofructokinase than ammonia-grown cultures. Activities of malic enzyme, glucokinase, and pyruvate kinase were similar in both treatments.
Since the isolation in 1978 of Frankia, the nitrogen-fixing symbiotic actinomycete, by Callaham et al. (14) , efforts have been made to elucidate the carbon metabolic pathways in various Frankia isolates and in fractions of actinomycetous root nodules. Most of the reports have centered on the identification of enzymes from the tricarboxylic acid cycle and the glyoxylate cycle (1, 8, 17) in Frankia extracts. Blom and Harkink (8) assayed for enzymes of the EmbdenMeyerhof-Parnas (EMP) pathway of glycolysis in pure cultures of Frankia strain AvCI2 and did not find activity of the irreversible enzymes, e.g., phosphofructokinase, pyruvate kinase, and hexokinase, but did find activity of the glycolytic enzymes involved in gluconeogenesis. Huss-Danell et al. (17) assayed vesicle clusters of Frankia isolated from Alnus glutinosa nodules for EMP enzymes and found a similar pattern. To date, these are the only published studies on the catabolism of glucose by Frankia. Even though many Frankia isolates will not grow readily on glucose or other sugars as sole carbon sources (33, 36) , recently Lopez et al. (23, 24) showed that Frankia strain HFPArI3 synthesizes and metabolizes large amounts of trehalose and glycogen in pure culture. Since both of these carbon reserves must be catabolized by way of glucose, the existence of some glycolytic pathway(s) in Frankia was inferred. In this report, a survey of the activities of key enzymes of several pathways of glucose metabolism was made in two Frankia isolates from different plant hosts and in vesicle clusters isolated from N2-fixing alder nodules.
MATERIALS AND METHODS
Chemicals. All enzymes, cofactors, and substrates used in the enzyme assays were the highest purity available from Sigma Chemical Co., St. Louis, Mo. * Corresponding author.
Bacterial strains. Frankia sp. strains HFPArI3 (ArI3) (7) and HFPCcI2 (CcI2) (38) Preparation of cell extracts. Cells were harvested and washed as described above. The pellet was resuspended in the buffer to be used in a particular enzyme assay or in 10 mM phosphate buffer (pH 6.7), when the same extract was to be used to assay several different enzymes, and kept ice cold. Approximately 1 ml of packed cell paste to 2 ml of buffer was used. The probe from a Braun sonicator was precooled in ice, and the cell suspension was sonicated at 400 W over ice for a total of 1 min in 15-s bursts, between which the probe was cooled in ice. The sonicate was then centrifuged at 13,000 rpm (10,000 x g) in a Beckman refrigerated centrifuge at 3°C for 15 min. The pellet was discarded, and the supematant was used for all enzyme assays. Cell extracts were always kept on ice. The protein concentration in the cell extracts was determined by the method of Bradford (10) , with the reagents commercially prepared by Bio-Rad Laboratories, Richmond, Calif.
Enzyme assays. Enzyme assays were performed at room temperature in a Beckman DB double beam spectrophotometer equipped with a Perkin-Elmer chart recorder. Phosphofructokinase (EC 2.7.1.11) was assayed by using a modification of the procedure of Kemerer et al. (20) . The reaction mixture contained, in a final volume of 3 ml, 240 ,umol of glycylglycine buffer (pH 8.2), 3 ,umol of MgC92 6H20, 20 .mol of fructose 6-phosphate, 6 The "ED enzymes", 6-phosphogluconate dehydratase (EC 4.2.1.12) and phospho-2-keto-3-deoxy-gluconate aldolase (EC 4.1.2.14) were determined by the method of Keele et al. (18) , measuring the production of pyruvate from 6-phosphogluconate. The reaction mixture contained, in a final volume of 1 ml, 100 ,umol of glycylglycine buffer (pH 7.65), 5 ,umol of 6-phosphogluconate, 6 ,umol of FeSO4, 3 ,umol of reduced glutathione, and cell extract. The reaction was stopped by the addition of 1 ml of 0.1% 2,4-dinitrophenylhydrazine in 2 N HCl. The determination of pyruvate was made as follows. 1 ml of the sample was extracted with Glucose metabolism in nitrogen-fixing cultures. As has been described by others (13, 28, 37) , when NH4Cl is omitted from the growth medium, ArI3 cells are induced to form vesicles, (the purported site of nitrogenase) and to fix (5), vesicle clusters from A. rubra nodules infected with ArI3 were isolated and assayed for enzyme activity. Any conclusions to be drawn from these data must be tentative, since the isolation procedure does not result in pure preparations of Frankia. As was previously observed by Akkermans et al. (2) , plant mitochondria are intermingled frequently with the vesicles (Fig. 2) ' and therefore enzymes commonly encountered in mitochondria cannot necessarily be assumed to be present in the Frankia. Of the soluble enzymes not normally found in plant mitochondria (9), glucokinase, pyruvate kinase, glucose 6-phosphate dehydrogenase (NAT)P+), and 6-phosphogluconate dehydrogenase (NAD) were all found in the cell extracts from vesicle clusters ( Table 2 ). The pyridine nucleotide specificities of the two dehydrogenases were identical to those found in pure cultures of ArI3 and unlike what would'be commonly seen in plant tissues. This is evidence that these enzymes indeed originated from the Frankia endophyte. In addition, the specific activities of these enzymes were high, in particular that of the NAD-specific 6-phosphogluconate dehydrogenase, again suggesting that these two enzymes are important in Frankia glucose catabolism both in pure culture and in the symbiotic state. An NAD-linked malic enzyme with very high specific activity was also detected in the vesicle cluster preparation. The fact that this enzyme was NAD specific, in contrast to the NADP+-specific malic enzyme of Frankia cultures, may indicate that it arose from the plant mitochondrial contamination. No NADP-specific malic enzyme activity was de- tected in the vesicle clusters, and no NAD-specific malic enzyme was detected in pure cultures of Frankia. Huss-Danell et al. (17) reported low specific activities (10 nmol of NADH or NADPH mg of protein-' min-') of malic enzyme in A. glutinosa vesicle clusters, but the pyridine nucleotide specificity of the vesicle cluster fraction was not shown.
Some kinetic properties of the glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase. To learn more about the glucose 6-phosphate and 6-phosphogluconate dehydrogetiases in crude cell extracts of ArI3, a preliminary investigation of some of the kinetic properties of these enzymes was undertaken. Both enzymes showed MichaelisMenten kinetics when velocity was plotted as a function of Table 3 . Both enzymes showed an inhibitory effect of added ATP at physiological levels. The apparent affinity of the enzymes for glucose 6-phosphate and 6-phosphogluconate, respectively, was decreased by ATP at a concentration of 2 mM by 2.5 to 4 times ( Table 3) . The inhibition by ATP affected the apparent Km of both enzymes for glucose 6-phosphate and 6-phosphogluconate, but not the Vmax, and was therefore of the competitive type for these substrates. ATP did not affect the apparent Km of the two dehydrogenases for NADP' and NAD (Table 3) ; however, the catalytic activity (Vmax) of the enzymes was decreased by 4.5 times for glucose 6-phosphate dehydrogenase and by 1.3 times for 6-phosphogluconate dehydrogenase in the presence of 2 mM ATP.
DISCUSSION
An examination of the possible pathways of glucose catabolism by enzymatic analysis has shown that the EMP pathway of classical glycolysis is probably operating in at least one Frankia strain ArI3 (Fig. 3) (16, 30, 31) .
In addition to the EMP pathway, two enzymes usually associated with the PPP were also detected. However, the specificity of the 6-phosphogluconate dehydrogenase for NAD rather than NADP+ places its role in the PPP in doubt. Most species of Rhizobium, both slow and fast growers, assayed to date have also been found to contain an NADlinked 6-phosphogluconate dehydrogenase (25) ; however, in the fast growers the NADP+-specific form is also present. From radiorespirometric analyses, it was concluded that the NAD-specific enzyme was not operating in the PPP in the slow-growing rhizobia (26, 27, 34) . In other bacteria (11, 22) , NAD-linked 6-phosphogluconate dehydrogenases operating in the PPP have been identified. It appears that the elucidation of the role of this enzyme in Frankia will have to await radiorespirometric investigation.
Regardless of the pathway(s) in which they operate, the glucose 6-phosphate and 6-phosphogluconate dehydrogenases appear to be important in glucolysis in Frankia as evidenced by their high specific activities in vesicle clusters and pure cultures with nitrogenase activity. The (2) , it is clear that plant mitochondria are closely intermingled with the endophyte vesicle clusters isolated from alder nodules (Fig. 2b) and that therefore any conclusions about the localization of enzymes in vesicle clusters must be quite tentative. Nevertheless, from published surveys of the tricarboxylic acid cycle (1, 17) and glyoxylate cycle (8) 
